INTRODUCTION
Glutathione S-transferases (GSTs; EC 2.5.1.18) comprise a large group of multifunctional enzymes that catalyse the conjugation of glutathione to a wide variety of electrophiles and xenobiotics [1] [2] [3] . Besides their detoxification roles, these dimeric proteins are also involved in the reduction of organic hydroperoxides [4] , the isomerization of prostaglandins [5] and the binding of nonsubstrate hydrophobic ligands such as bile acids, bilirubin, a number of drugs and thyroid hormones [2, 6] .
The rat, human and mouse GSTs have been extensively investigated at the individual enzyme level. On the basis of their physical, chemical, immunological, enzymic and structural properties, GSTs were conventionally grouped into three nonhomologous multigene families, namely Alpha, Mu and Pi [7] . Evidence for the existence and the purification of a new classTheta GST from rat and human hepatic cytosol was provided by Hiratsuka et al. [8] , Meyer et al. [9] and Hussey and Hayes [10] . These class-Theta GSTs can utilize sulphate esters and dichloromethane as substrates, and are suggested to be important in the prevention of hepatocarcinogenesis [8] . Rat and human classTheta GSTs have unique properties. They are not retainable on S-hexylglutathione affinity matrices and have low reactivity towards 1-chloro-2,4-dinitrobenzene (CDNB), the typical GST substrate.
Previously, we reported the characterization of cytosolic GSTs from chick livers [11] . Five groups of GST subunits with molecular masses ranging from 24 to 27 kDa were identified. These GST subunits were designated CL1-CL5 according to their electrophoretic mobility on a denaturing polyacrylamide gel. On the basis of immuno-cross-reactivity, substrate specificity and N-terminal sequencing data, CLI and CL2 are related to the class-Theta and -Mu GSTs respectively. Unlike mammalian class-Theta GSTs, the avian CLI isoenzyme was isolated with an S-hexylglutathione affinity column [11] . Results from isoelectrofocusing and denaturing gel electrophoresis indicate that CLI can exist as CL1-2 heterodimers [11] . The sequence of a CL2 cDNA clone has been reported [12] .
The three-dimensional structures of class-Alpha [13] , -Mu [14] amino acids was isolated. Including conservative substitutions, this protein has 70-73 % sequence similarity with other mammalian class-Theta glutathione S-transferases. Based on known X-ray crystal structures of class-Alpha, -Mu and -Pi glutathione S-transferases, a model is constructed for the N-terminal 232 residues of CLI.
and -Pi [15] homodimers have been elucidated. Even though these proteins have only 20-32 % sequence identity, they share a two-domain structure, a smaller a/l, Domain I and a larger a Domain II. Domain I can be considered as the glutathione binding domain, while Domain II seems to be the primary binding site for the xenobiotic substrates.
In this paper, we report the cloning and the nucleotide sequence of a cDNA coding for CLI, a class-Theta GST from chicken liver. The CLI GST, with 260 amino acids, is at least 17 residues longer than other class-Theta GSTs reported [16] . Based on sequence similarity with other classes of GSTs, a model is constructed for the N-terminal 232 residues ofCL1. The structure of CL I has overall similarity with those of other classes of GSTs. 1 ml/min with a linear gradient of 1 % per min of 0.05 % (v/v) trifluoroacetic acid in acetonitrile. The elution profile of the proteins was monitored by UV absorption at 220 nm. The CLI subunits were collected and subjected to automated cycles of Edman degradation on an ABI gas/liquid-phase model 470A/ 900A sequencer equipped with an on-line model 120A phenylthiohydantoin analyser [17] .
MATERIALS AND METHODS
Alternatively, the CL1-2 dimers were digested directly with Achromobacter proteinase 1 (16 h at 25°C) in 0.01 M Tris/HCl, pH 9.6, and 100 mM KCl. Digestion was carried out at a substrate/enzyme ratio of 100: 1 (w/w). Resulting peptides for sequence analysis were separated on a Vydac reversed-phase column (C18; 0.21 cmx 25 cm). Elution was carried out at a flow rate of 0.2 ml/min with a linear gradient of 0.5 % per min of 0.05 % (v/v) trifluoroacetic acid in 80% (v/v) acetonitrile (buffer B).
Cloning of CLO
The chicken liver Lambda Zap library was screened by the PCR method of Amaravadi and King [18] with approximately 1 x 106 clones. The sense primer, 5'-ATGGGGCTGGAGCTCTA-TCTG-3', was constructed according to the published sequence ofthe rat GST 12 subunit, coding for the N-terminal heptapeptide of the protein [16] . Two antisense primers were constructed according to the experimentally deter-mined internal sequence of CLI. The C-terminal antisense primer,
was deduced from a peptide that has high sequence similarity to residues 150-157 of rat GST 5 [19] . An additional antisense nested primer, 5'-CGG(A/G)TACCA(A/G)TG(A/G)TCAGG-3', was constructed according to a CLI hexapeptide that has sequence identical to residues 80-85 of GST 5 [19] . Amplification was for 35 cycles under the following conditions: 94°C for 1 min, 45°C for 1 min and 72°C for 1 min. The PCR products were analysed electrophoretically on a 1.5 % agarose gel. Positive clones should yield DNA fragments of approx. 500 bp. Plates containing positive clones were replated at 300-500 plaqueforming units/plate for secondary screening. PCR products from positive clones of secondary screening were reamplified with the N-terminal and the nested primers to eliminate false-positives. Plates containing positive clones after the tertiary screening were plated at 50-100 plaque-forming units/plate and individual plaques were analysed by PCR.
Plasmid DNA from positive plaques was rescued from the Lambda Zap vector according to the manufacturer's instructions. The DNA sequence of the insert was determined by the dideoxy sequencing method of Sanger et al. [20] with synthetic oligonucleotides as primers.
Model constructlon
The amino acid sequence of CL1 was aligned with those of classAlpha, -Mu and -Pi GSTs using the multiple-sequence alignment algorithm of Feng and Doolittle [21] . Sequence-conserved regions were located under the QUANTA environment on a Silicon Graphics IRIS 4D/25 workstation. The protein model assembled for CLI is based on the 2.2 A resolution X-ray structure of GST 3-3 co-crystallized with glutathione [14] . The main-chain coordinates of CLI were copied from GST 3 under the QUANTA environment, and several gap regions were determined by a fragment-search process and manually adjusted. The 'regularization modelling' technique in QUANTA was employed to build and relax the side-chain co-ordinates and the undefined terminal residues. The three-dimensional structures of GSTs from different families are highly variable in the C-terminal region. The C-terminal region of CLI (residues 233-260) was deleted from the final model to increase the reliability of the contrived structure. The CLI model was obtained by 200 cycles of the 'region regularization' tool using the 'adopted basis set NR' protocol in both minimization stages. These processes removed close contacts and reduced strains among side chains. The intramolecular hydrogen bonds and hydrophobic interactions of the model were optimized by theoretically heating the resulting model to 300 K with an equilibration time of 0.6 ps (600 steps). The final model of the CLI subunit was obtained by applying the CHARMM energy-minimization process with the CHARMM/QUANTA program package [22] . The program ran through 100 cycles of steepest descent minimization followed by 200 cycles of Powell conjugate gradient minimization and 300 cycles of conjugate gradient minimization.
RESULTS AND DISCUSSION Amino acid sequencing of CL1 GST CL1-2 subunits were isolated by a combination of affinity and chromatofocusing chromatography [11] . The subunits were further separated on a reversed-phase column and the N-terminal sequence of the CLI subunit was determined. A sequence of GLELYLDLLSQPSRAVYIFARSNSLPFE/ KHVSLMKGE was obtained for the CLl subunit. The signal for cycle 29 was too weak for a definite identification of the residue. Including conservative substitutions, the N-terminal region of CLI has 87% sequence similarity (33/38 residues) with that of rat GST 12.
CL1-2 subunits were digested with an endopeptidase (Achromobacter proteinase I). The resulting fragments were separated by HPLC on a reversed-phase column ( Figure 1 ) and collected for N-terminal sequence analysis. The sequences of the selected peptides were: fl, IAPELREHFK; f2, TPDHWYPSDLQK; f3, LTQSNAILRYIARK; f4, VE/ATEELNVVLSQFEEK; f5, LGLDFPNLPYLIDGDVK; f6, FLQDKPFIVGNDISLA-ALV. Peptides 13 and fS are derived from the class-Mu GSTs, covering residues 69-82 and residues 52-68 of the CL2 subunit [12] respectively. Peptides f2 and f6 are derived from the class-Theta GSTs. Peptide f2 has 75 and 66 % sequence similarity, and peptide f6 has 79 and 74 % sequence similarity, with GST 5 and GST 12 respectively. Peptides fl and f4 do not have similarity with any known GST sequence. Fractions isolated for sequence determination are indicated (fl-f6). TTC GAG TTC AAG CAC GTG GAG CTC TTC AAA GAC TCG Figure 3 Comparison of the deduced amino acid sequence of GST CLO (pGCLT-1) with those of rat GST 5 [191, rat GST 12 [16] , human GSTT1 [23] , M.
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domestica GST1 [24] , Drosophila GST1 [25] and Lucilia cuprina GST1 [26] The amino acid sequences are given in single-letter code. Gaps were introduced for optimal alignment and are represented as dots. Dashes (-) indicate identity with amino acid residues of CL1. Figure 4 Comparison of the deduced amino acid sequence of GST CL1 (pGCLT-1) with those of class-Alpha [13] , -Mu [14] and -Pl [15] GSTs
The amino acid residues of class-Alpha GSTs are numbered according to Sinning et al. [13] . The amino acid sequence is given in single-letter code. * denotes residues conserved among all four classes of GSTs. The secondary structures of class-Alpha, -Mu and -Pi GSTs and the predicted secondary structures of the CL1 model are underlined and specified.
identical, and they were designated pGCLT-1. A total of 11 synthetic primers were used for sequencing both strands of these inserts with overlapping regions of at least 50 nucleotides. The nucleotide sequence of pGCLT-l and the deduced amino acid sequence are shown in Figure 2 . The direction and extent of the primers used in PCR screening are also indicated. The insert of pGCLT-1 is 1725 nucleotide residues long, containing 42 nucleotide residues in the 5' non-coding region, a 262-codon open reading frame (molecular mass 29823 Da) and a complete (897 nucleotide residues) 3' non-coding sequence including the poly(A) addition signal.
The deduced amino acid sequence of pGCLT-1 does not match exactly with the results of peptide sequencing (Figure 2) . The data imply that there are multiple class-Theta GSTs in chicken livers. A similar conclusion has been reached for rat [9] and human liver [10] class-Theta GSTs.
The deduced amino acid sequence of pGCLT-1 is listed together with other members of the Theta family for comparison in Figure 3 . The sequences included are rat GST 5 [19] , rat GST 12 [16] , human GSTT1 [23] , Musta domestica GST1 [24] , Drosophila GST1 [25] and L. cuprina GST1 [26] . The class-Theta GSTs from plants [27] [28] [29] have only 21-24% sequence identity with CLI and are not included for comparison. CLI encoded by pGCLT-1 has a 19-amino-acid residue insert near the Nterminus. Consequently, it is 17-21 residues longer than mammalian class-Theta GSTs. CLI has 50 and 54 % sequence identity with rat GST 5 and human GSTT1 respectively. The similarity between avian and insect class-Theta GSTs is much less. CLI is 51-52 residues longer than, and has 24% (L. cuprina GST1) to 26 % (M. domestica GST1) sequence identity with insect GSTs. With conservative substitutions, the similarities between CLI and insect class-Theta GST sequences are 49 % (M. domestica GST1) to 53 % (L. cuprina GST1).
Mammalian class-Theta GSTs are not retainable on a glutathione or S-hexylglutathione column [8] [9] [10] 30] . Presumably, the affinity of these isoenzymes towards GSH or S-hexylglutathione is rather low. With the exception of Yd, from dog livers [30] , these enzymes have low activity towards the typical GST substrate CDNB. Conversely, class-Theta GSTs from insects [24] [25] [26] and plants [27, 31] were purified with glutathione affinity columns and they possess CDNB-conjugating activity. The structural elements responsible for these differences remain to be investigated.
Molecular modelling of GST CLI
The crystal structures of class-Alpha [13] , -Mu [14, 32] and -Pi [15, 33] homodimeric GSTs have been elucidated. Even though the sequence identities among these three classes of GSTs are rather low, the overall folding of these isoenzymes is similar. These dimeric proteins are composed of two identical subunits, and each subunit contains a two-domain structure. Domain I has an a/f structure, consisting of four fl-strands and three a-helices. Domain II, a larger a domain, has five or six a-helices ( Figures  4 and 5) . These two domains are connected by a short peptide segment. The dimer is held together by hydrogen bonds and van der Waals interactions between Domain I of one subunit and Domain II of the adjacent subunit.
The CLI amino acid sequence was compared with class-Alpha [13] , -Mu [14] and -Pi [15] GSTs using the multiple-sequence alignment algorithm 121] and optimized using the Holley secondary structure prediction method under the QUANTA en- Figure 5 Comparison of the CLO model with the X-ray crystallographic structures of class-Alpha [13] , -Mu [14] and -Pi [15] GSTs
The ribbon drawing showing the comparison was generated using the Molscript program of Kraulis [37] . vironment ( Figure 4 ). We identified 13 conserved residues among the four classes of GSTs. Sequence identities among these four classes of GSTs are rather low. Taking pairwise comparisons, the sequence identities are: 20% (Alpha-Mu), 32% (Alpha-Pi), 16 % (Alpha-Theta), 30 % (Mu-Pi), 16 % (Mu-Theta) and 20 % (Pi-Theta).
Three obvious differences were detected by aligning the sequence of class-Theta, -Alpha, -Mu and -Pi GSTs. The first variance is from residues 8 to 21 of CLI (residues 11-14, 9-12 and 10-13 of class-Alpha, -Mu and -Pi GSTs respectively). Interestingly, there are three conserved residues (Tyr-5, Arg-14 and Arg-21 of CL1) located in the middle and at each end of this insertion. Arg-21 is conserved among class-Theta, -Alpha and -Pi GSTs. Consequently, CLI has a long loop in this region. The other difference in Domain I is from residues 44 to 67 of CLI (residues 39-50, 36-54 and 37-45 of class-Alpha, -Mu and -Pi GSTs respectively). There is an extension in the loop connecting the ,62 and the a2 of the class-Mu enzyme. This loop is not observed in class-Alpha or -Pi or in the CLI model. Within this region there is an insertion in the CL1 sequence (residues [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] that is unique for Theta isoenzymes. However, this is one of the two major structural variations that occurs in all the known crystal structures of GSTs ( Figure 5 ). The residues are not involved in subunit interactions or GSH binding. The last major difference is located at the C-terminus of Domain II (residues 233-260 of CLI). This region is structurally highly variable, as defined by X-ray crystallographic studies of other classes of GSTs. Therefore the CLI model was built without the Cterminal region.
We have shown previously that CLI can be co-purified with CL2, a class-Mu GST [11] . Presumably there are structural similarities between these two proteins that lead to the formation of heterodimers. Therefore, in spite of closer sequence identity between CLI and class-Pi GSTs, the model for CLI was constructed with the class-Mu GST structure as the template.
The CLI a-backbone model constructed from homology modelling, secondary structure prediction and energy optimization steps is presented in Figure 6 . The overall structure of CLI preserves the folding topology and the molecular shape of the template model. It class-Alpha, -Mu and -Pi GSTs has a proline kink in the middle and assumes an overall appearance of a long bent helix. Sinning et al. [13] have pointed out that this helix should more accurately be described as two helices. In the CLI model, the corresponding residues within this region exist as two helices, a5 and a6. There are two proline residues (residues 145 and 147) located at the end of, and two residues beyond, a5. Consequently, a5 is structurally well distinguished from a6. Helix a7of the CLI model is connected to a6 by a short coil of about six residues and is packed almost parallel against a4 and a6. Compared with the same region of other classes of GSTs, a7 has a two-residue deletion in the middle of the helix. However, the overall length of a7 is still four residues greater than the a6 of other classes of GSTs. The last helix in the second domain, a8, is almost perpendicular to a7. Consequently a7 is sandwiched between a4, a6 and a8.
There is a very short (one-and-a-half turn) helix-like motif consisting of seven residues between a7 and a8. Moving down to the next helix, a., the structure winds back to Domain I. Therefore these two domains are connected by two short polypeptide segments, but the interface of the two domains is large. The overall least-squares structure fit between the Ca carbons of class-Mu GSTs and the CLI model is illustrated in Figure   6 (b). The overall structure of the CL1 model is similar to that of class-Mu GSTs, with the hydrophobic regions buried inside and polar regions distributed on the surface. Nonetheless, several structural variances exist among CLI and other classes of GSTs. Instead of a f8-turn structure, there is a long loop between the first fl-strand and the first a-helix. This loop obviously constitutes a major difference in the overall shape of Domain I. For other classes of GSTs [13, 14, 34] , most of the interactions between glutathione and the enzyme are from Domain I and some of the residues involved (Tyr-9 and Arg-15 in class-Alpha; Tyr-6, Trp-7 and Leu-12 in class-Mu; Tyr-7 and Arg-13 in class-Pi) are located in this region without any obstruction. The long loop in the CLl model protrudes into the GSH binding cleft and could interfere with the enzyme/glutathione interaction. The functional effect of this protrusion remains to be investigated. Nevertheless, Tyr-5 and Arg-14 are conserved and appear to be in the active site. In addition, Arg-54 and Val-72 are conserved between classTheta and -Alpha GSTs (Arg-45 and Val-55 in the latter). These two residues have been implicated in GSH binding for classAlpha GSTs [13] .
Compared with other class-Theta GSTs, CLI has a 19-aminoacid insertion in Domain I (Figure 3 ). This region makes up a section of fl2 and the whole of a2 in the CL1 model. Omission of this region might account for the low affinity of mammalian class-Theta GSTs towards GSH and their inability to bind on a GSH affinity column. The residues located at the C-terminal end of a4 form part of the electrophilic substrate binding site [13, 35] . These residues are important for providing an environment in which the electrophilic substrates can react with glutathione. There is a four-residue insertion (residues 119-122) at the centre of a4, resulting in an extra turn in this helix for CLI. Combined with the insertion of a5, the structural changes around this region might affect the substrate binding and selectivity of the CLI GST.
In summary, we have isolated a class-Theta GST cDNA clone. Sequencing results indicate that there are multiple class-Theta GSTs in chicken liver. A model is proposed for this clone based on homology modelling, secondary structure prediction and energy optimization steps.
